LÓ PEZ, ICIAR P., AMELIA MARTI, FERMIN I. MILAGRO, MARIA DE LOS ANGELES ZULET, MARIA JESUS MORENO-ALIAGA, J. ALFREDO MARTINEZ, AND CARLOS DE MIGUEL. DNA microarray analysis of genes differentially expressed in diet-induced (cafeteria) obese rats. Obes Res. 2003;11:188 -194. Objective: To better understand the molecular basis of dietary obesity, we examined adipose tissue genes differentially expressed in an obesity model using DNA microarray analysis.
Introduction
Increased food intake and decreased energy expenditure associated to modern lifestyles have contributed to the widely spread of obesity development. However, environmental factors cannot fully explain the increasing rates of obesity prevalence (1, 2) . In fact, genetic predisposition for obesity may underlie the tendency for weight gaining in some individuals (3) . Cafeteria-fed rats represent a useful model for human obesity studies because a high-fat intake is a key factor in the development of human obesity (4, 5) . Because the enlargement of fat deposits is led by changes in gene expression, DNA array technology, with thousands of genes examined in a single hybridization, constitutes a powerful tool to identify and compare patterns of gene expression (1,6 -8) .
Several arrays have been conducted in genetically obese animals, providing valuable new molecular insights despite some limitations (9 -11) . Here, we report the effects of long-term high-fat intake on the expression pattern of 4500 full-length genes. Gene expression profile of adipose tissue from obese rats (cafeteria diet) was compared with control animals to search for changes in gene expression in response to a hypercaloric fat-rich diet.
Microarrays
RNA Extraction. Total RNA was isolated using the Trizol RNA isolation method (Invitrogen, Carlsbad, CA) and purified with the QIAGEN RNeasy Mini Kit spin columns (QIAGEN, Valencia, CA). RNA concentration was determined spectrophotometrically and RNA integrity was confirmed on a 1% agarose gel electrophoresis.
Target Preparation. Double-stranded DNA was synthesized using the Superscript Choice System (Invitrogen). Typically, 7 g of total RNA coming from a pool of three different rats, chosen at random, was used in a reverse transcription reaction to synthesize (Ϫ) strand cDNA with a primer containing poly dT and T7 RNA polymerase promoter sequences. Double-stranded cDNA was phenol-chloroform extracted followed by ethanol precipitation. The cDNA was resuspended in 12 L of RNase-free water, and 5 L of the double-stranded cDNA was used as a template for in vitro transcription in the presence of biotinylated uridine 5Ј-triphosphate and cytidine 5Ј-triphosphate to generate labeled antisense RNA. The in vitro transcription reaction was performed using the Enzo BioArray High Yield RNA Transcript Labeling Kit (Enzo Diagnostics, Farmingdale, NY). Labeled RNA was purified with the QIAGEN RNeasy Mini Kit spin columns (QIAGEN) and quantified spectrophotometrically.
Array Hybridization and Scanning. Labeled cRNA was fragmented in fragmentation buffer (5ϫ buffer: 200 mM Tris-acetate, pH 8.1/500 mM KOAc/150 mM MgOAc) and hybridized to the microarrays in 200 L of hybridization solution containing 10 g of labeled target in 1ϫ hybridization buffer (0.1 M Mes/1.0 M NaCl/0.01% Tween20/20 mM EDTA) and 0.1 mg/mL herring sperm DNA. Test 3 arrays (Affymetrix Baracaldo, Vizcaya, Spain) were hybridized to check the cRNA integrity before the expression arrays. In all cases the GADPH 3Ј/5Ј ratio was below 1.5. Samples were then hybridized on a Rat Genome-U34A Array (Affymetrix, Baracaldo, Vizcaya, Spain). This array contains probes derived from more than 4500 full-length or annotated genes as well as 8000 expressed sequence tag clusters. Arrays were placed on a rotisserie and rotated at 60 rpm for 16 h at 45°C. After hybridization, the arrays were washed with 6ϫ SSPE-T (0.9 M NaCl/60 mM NaH 2 PO 4 / 6 mM EDTA/0.01% Tween20) at 25°C on a fluidics station (Affymetrix) for 10 ϫ 2 cycles, and subsequently with 0.1 M Mes/0.1 M NaCl/0.01% Tween20 at 50°C for 4 ϫ 15 cycles. The arrays were then stained with a streptavidinphycoerythrin conjugate (Molecular Probes, Eugene, OR), followed by 10 ϫ 4 wash cycles. To enhance the signals, the arrays were further stained with anti-streptavidin antibody for 10 minutes followed by a 10-minute staining with a streptavidin-phycoerythrin conjugate. After 15 ϫ 4 additional wash cycles, the arrays were scanned using a confocal scanner (Affymetrix).
Northern Blot
Target and 18S rRNA cDNA probes were labeled by random priming (Klenow DNA polymerase I, Promega, Madison, WI) in the presence of 32 P-deoxycytidine 5Ј-triphosphate (3000 Ci/mmol, NEN Life Science Products, Boston, MA). Unincorporated nucleotides were removed using Sephadex G-50 Nick Columns (Amersham Biosciences, Uppsala, Sweden). For each tissue sample, 10 g of total RNA was fractionated by electrophoresis on a denaturing 1% agarose gel containing formaldehyde and 1ϫ 3-(N-morpholino) propanesulfonic acid (MOPS) running buffer. 1 L of a 1 mg/mL ethidium bromide stock solution was added to check RNA integrity and even loading. After electrophoresis, RNA was transferred to a Hybond N ϩ membrane (Amersham Biosciences) overnight by capillary action and ultraviolet cross-linked (Stratalinker 1800, Stratagene, La Jolla, CA). Blots were prehybridized in 20 mL (Express Hyb solution, CLONTECH, Palo Alto, CA) for 45 minutes at 68°C. Denatured labeled probe was added to the hybridization solution at a concentration of 2 ϫ 10 films with an intensifying screen for 1 day at Ϫ80°C. To allow loading of equal mass of RNA in each well, after analysis of target mRNA using a cDNA probe followed by quantification of bands from film, the blots were reanalyzed using a probe complementary to rat 18S ribosomal RNA. Target mRNA was then normalized with respect to the 18S ribosomal signal.
Data Analysis
The Microarray Analysis Suite generated the comparative analysis. Distinct algorithms made an absolute call (presence/absence for each transcript), a decision about differential expression between samples: increase or decrease and the magnitude of change (represented as fold change, with a value of 1 indicating no difference). The difference decision fold and the mathematical definitions for each of the algorithms are described in the Affymetrix Microarray User's Guide (version 4.0).
Results
Rats eating the cafeteria diet for 65 days exhibited a significant increase in body weight gain (ϩ145%) at the end of the experimental trial as compared with control animals (Table 1) . A statistically significant enlargement of epididymal white adipose pads was found in cafeteria fed rats compared with the control group (p Ͻ 0.001). Although plasma glucose, fatty acids, or glycerol were not markedly changed by the cafeteria diet, leptin serum levels were significantly higher in obese rats than in controls (p Ͻ 0.001).
The gene expression profile of assessed mRNA levels from epididymal fat tissue was compared among 4500 fulllength genes as well as 8000 expressed sequence tag clusters. About 15% of assessed genes showed significant changes in gene expression in either direction. Of these, 416 RNAs were differentially expressed 2-fold or more in white adipose tissue RNA from obese rats; similarly, 429 RNA were underrepresented in white adipose tissue RNA from obese animals. Tables 2 and 3 supply a summary of the most representative genes implicated in energy metabolism, signal transduction, cytoskeleton, redox status, and transcription factors, which showed a different expression. The arbitrary numbers, representing an average difference (fold), are a measurement of the intensity of hybridization of a given RNA to the oligonucleotides on the array. The complete list of differentially expressed genes is available at http://www.unav.es/fyn/obesity.html.
The observed enlargement of adipose pads was followed by an increase in adipocyte gene expression of diet-induced obese animals. Specifically, fatty acid-binding protein (FABP), 1 transcription factors [CAAT/enhancer binding protein-␣ and peroxisome proliferator-activated receptor-␥ (PPAR␥)], and enzymes involved in lipid metabolism [malic enzyme, glycerol 3-phosphate dehydrogenase, stearoyl coenzyme A (CoA) desaturase, pyruvate carboxylase, and squalene synthetase] were up-regulated. Leptin, beta 3-adrenoceptor, and UCP3 expression levels in adipose tissue were also enhanced 49-, 2-, and 2-fold, respectively. We confirmed these changes in gene expression by Northern blot with independently generated RNA samples using probes corresponding to these differentially expressed genes. We observed an agreement between the methods for three representative genes: leptin, UCP3, and PPAR␥ (Figure 1) .
The expression levels of a number of adipose tissue genes related to cell structure such as alpha B-crystallin, clathrin assembly protein, microtubule-associated protein 1A, moesin, and myelin basic protein were also increased. Furthermore, a rise in the expression of several genes involved in hormonal responses and signaling such as oxytocin, thyroid-stimulating hormone, growth hormone, and thyroid receptors (insulin-like growth factor-I, insulin receptor substyrate-3, vascular endothelial growth factor-b, extracellular signal-regulated kinase-2, adenylyl cyclase, tyrosine phosphatase, and Src homology 2 domain-containing protein tyrosine phosphotase substrate 1) was observed in dietinduced obese animals ( Table 2) .
In contrast, a significant decrease in genes encoding proteins responsible for xenobiotic metabolism (glutathione transferase) and stress response (metallothionein) was found in adipose tissue of obese animals. Interestingly, some genes encoding for energy metabolism enzymes such as aldehyde dehydrogenase, cytidine 5Ј-diphosphate-diacyl- Data are mean Ϯ SEM. * p Ͻ 0.001, n ϭ 10.
Genes Expressed in Diet-Induced Obese Rats, Ló pez et al. glycerol synthase, phosphofructokinase C, diacylglycerol kinase, together with the secreted protein, apolipoprotein E, or the glucose transporter (GLUT1) were also down-regulated in obese rats. A similar change was also observed in genes encoding for homeobox protein and pair box 8 protein (Pax-8) and for several cytoskeleton-related proteins (keratin, ezrin, and connexin) ( Table 3 ).
Discussion
Our study provides, apparently for the first time, insights into the molecular events implicated in epididymal adipose tissue growth after long-term cafeteria feeding with the aid of microarray technology. The expression levels of some important genes implicated in lipid metabolism are upregulated, whereas others related to redox and stress protein were down-regulated in obese animals compared with control. This model of dietary obesity is useful in the characterization of the molecular mechanisms implicated in human obesity, because many human obesity cases are thought to occur as a consequence of high-fat diets.
Previously, our group and other investigators have reported a number of adipose tissue genes (UCPs, FABP, and PPAR␥) whose expression is modified by adiposity in a time-dependent fashion (12, 13) . In this regard, high-fat feeding for short time periods significantly reduced UCP3 mRNA expression, but in contrast, a longer period of the high-fat diet raised UCP3 expression over the control diet. Similarly, short periods of dietary changes (fat elevation) down-regulate PPAR␥ levels, perhaps to avoid an excess of new adipocyte appearance, whereas the maintenance of high-fat feeding over longer time periods modifies white adipose tissue, possibly through PPAR␥-induced adipocyte differentiation (12) .
However, with the gene-by-gene approach it would be difficult and time-consuming to obtain a global picture of gene patterns, because over 250 markers linked to obesity have been identified so far (14) . cDNA array technology allows the comparison of thousands of mRNAs from a given tissue at once, and provides a comprehensive assessment of expression levels, representing a powerful strategy for research in the obesity field (1, 15, 16) .
The application of microarray technology regarding investigations in human diseases is growing. Recently, this approach has been applied to identify genes related to cancer, hypertension, inflammatory bowel disease, rheumatoid arthritis, and insulin resistance among others (1, (17) (18) (19) (20) . In regard to obesity, two microarrays have assessed changes in gene expression in genetically obese animals (ob/ob mice). Nadler et al. (9) found that genes involved in adipocyte metabolism such as glycerol-3-phosphate dehydrogenase and stearoyl CoA desaturase were significantly decreased in ob/ob mice. Similar results were reported by Soukas et al. (10) in ob/ob mice. These analyses were performed in early-onset obese animals with severe metabolic diabetes and reproductive abnormalities. They are leptin-deficient, so that appetite goes unchecked and energy expenditure is low.
In the current investigation, we analyzed the expression level of over 12,500 transcripts in epididymal fat pads of control and (cafeteria) obese rats. The expression levels of adipose genes such as glycerol-3-phosphate dehydrogenase, stearoyl CoA desaturase, FABP, and UCP3, together with transcription factors (CAAT/enhancer binding protein-␣ and PPAR␥) were increased in these obese animals. The diet-induced obese animals had, contrary to what happens in ob/ob mice, late-obesity onset due to the influence of environmental factors. As suggested by Tschop et al. (21) , they represented the most appropriate animal model to study obesity compared with other models (genetically engineered animals, mechanical intervention, etc.).
Our findings are in agreement with those reported by Soukas et al. (11) , concerning the higher expression of adipogenic genes during the process of adipogenesis. Furthermore, an increase in glycerol-3-phosphate dehydrogenase and stearoyl CoA desaturase gene expression levels was reported after short-term high-fat intake in rat epidid- Genes Expressed in Diet-Induced Obese Rats, Ló pez et al.
ymal pads using cDNA subtraction screen (22) . However, differences in gene expression may be attributed to animal species, age of animals, fat pad source, duration of fat intake, percentage of energy from fat, and so on.
In summary, our study showed that in diet-induced obesity the expression levels of important genes implicated in lipid metabolism are up-regulated whereas redox and stress protein related genes were down-regulated in obese animals compared with the control. This pattern of gene expression may occur in human obesity cases after high-fat intake.
